We report the discovery of WASP-78b and WASP-79b, two highly-bloated Jupiter-mass exoplanets orbiting F-type host stars. WASP78b orbits its V = 12.0 host star (TYC 5889-271-1) every 2.175 days and WASP-79b orbits its V = 10.1 host star (CD-30 1812) every 3.662 days. Planetary parameters have been determined using a simultaneous fit to WASP and TRAPPIST transit photometry and CORALIE radial-velocity measurements. For WASP-78b a planetary mass of 0.89 ± 0.08 M Jup and a radius of 1.70 ± 0.11 R Jup is found. The planetary equilibrium temperature of T P = 2350 ± 80 K for WASP-78b makes it one of the hottest of the currently known exoplanets. WASP-79b its found to have a planetary mass of 0.90 ± 0.08 M Jup , but with a somewhat uncertain radius due to lack of sufficient TRAPPIST photometry. The planetary radius is at least 1.70 ± 0.11 R Jup , but could be as large as 2.09 ± 0.14 R Jup , which would make WASP-79b the largest known exoplanet.
Introduction
The first exoplanets were discovered using the radial velocity technique (Mayor & Queloz 1995) . However, following the detection of a transiting exoplanet (Charbonneau et al. 2000) , several ground-based and space-based survey projects have dramatically increased the number of known systems. Transiting exoplanets allow parameters such as the mass, radius, and density to be precisely determined, as well as their atmospheric properties to be studied during their transits and occultations (Charbonneau et al. 2005; Southworth 2009; Winn 2009 ).
Most of the transiting exoplanets found by ground-based surveys are 'hot Jupiters', with orbital periods of up to around 5 days. Many of these have radii larger than predicted by irradiated planet models (Fortney et al. 2007) . Several have markedly low densities, with WASP-17b (Anderson et al. 2010 (Anderson et al. , 2011 , Kepler-12b (Fortney et al. 2011) and Kepler-7b (Latham et al. 2010 ) having a density less than 1/10 that of Jupiter. The mechanisms for producing such bloated planets are at present unclear (Fortney & Nettelmann 2010) , but several have been proposed, including Ohmic heating in the planetary atmosphere ⋆ Radial velocity and photometric data are only available in electronic form at the CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/???/A?? (Batygin & Stevenson 2010; Perna et al. 2010 ) and thermal tidal effects (Arras & Socrates 2010) .
In this paper we report the detection of WASP-78b and WASP-79b, two highly-bloated Jupiter-mass planets in orbit around F-type stars. We present the WASP-South discovery photometry, together with follow-up optical photometry and radial velocity measurements.
WASP-South photometry
The WASP project has two robotic observatories; one on La Palma in the Canary Islands and another in Sutherland in South Africa. The wide angle survey is designed to find planets around relatively bright stars in the V-magnitude range 9 ∼ 13. A detailed description is given in Pollacco et al. (2006) .
The pipeline-processed data were de-trended and searched for transits using the methods described in Collier , yielding detections of periodic, transit-like signatures on two stars in the constellation Eridanus (Fig. 1) ′′ away from WASP-78, which is just within the photometric extraction aperture. However, the dilution is only 2% and does not significantly affect the depth of the WASP transits. Around 24 ′′ away from WASP-79, is 6dFGS gJ042530.8-303554, a 16 th mag. redshift z = 0.069 galaxy (Jones et al. 2009 ). This is, however, too faint to significantly dilute the WASP-79 photometry. The spectral type of WASP-79 is listed as F2 in Jackson & Stoy (1954) .
Spectroscopic observations with CORALIE
Spectroscopic observations were obtained with the CORALIE spectrograph on the Swiss 1.2m telescope. The data were processed using the standard pipeline (Baranne et al. 1996; Queloz et al. 2000; Pepe et al. 2002) . A total of 17 and 21 radial velocity (RV) and line bisector span (V span ) measurements were made for WASP-78 and WASP-79, from 2011 October 09 to 2011 December 30, and 2010 December 12 to 2012 February 07, respectively (Table 1) . The bisector spans are a measure of the asymmetry of the cross-correlation function and, based on our experience, have standard errors of ≈ 2σ RV .
The amplitude of the RV variations and the absence of any correlation with orbital phase of the line bisector spans (V span ) in Fig. 2 indicates that it is highly improbable that the RV variations are due to an unresolved eclipsing binary or chromospheric activity (Queloz et al. 2001) .
In the case of WASP-79 one RV point (HJD 2455874.830894) was taken during transit. This is affected by the Rossiter-McLaughlin effect and has been excluded from the fitting process.
TRAPPIST photometry
Photometric observations of transits were obtained using the 60cm robotic TRAPPIST Telescope (Gillon et al. 2011a,b; Jehin et al. 2011) . Since the telescope has a German equatorial mount, there are short gaps in the lightcurves at the times of culmination due to meridian flips, when the telescope is reversed to the other side the pier.
WASP-78b
A total of three transits of WASP-78b were observed with TRAPPIST. The observations were made through a 'blueblocking' filter with a transmittance >90% above 500nm. The exposure times were 15s and the telescope was defocused, the mean FWHM being 5 pixels (pixel scale = 0.65 ′′ ). The first transit was observed on 2011 November 8 from 01h23 to 08h00 UTC. The first ≈75% of the run was slightly cloudy. There was a meridian flip at HJD 2455873.748. The resulting lightcurve has 949 measurements.
A second transit was observed on 2011 December 15 from 00h23 to 06h44 UTC. Transparency was good this time. A meridian flip occurred at HJD 2455910.646. The resulting lightcurve has 918 measurements. There is negligible correlation between V span and orbital phase.
The third transit was observed on 2012 January 8 from 00h45 to 05h30 UTC. However, only part of the transit was observed. Transparency was good. A meridian flip occurred at HJD 2455934.579. The resulting lightcurve has 697 measurements.
WASP-79b
For WASP-79b only a partial transit was observed with TRAPPIST on 2011 September 26 from 07:33 to 09:52 UTC. It was obtained in z ′ band. The exposure times were 20s and the telescope was defocused by 300 focuser steps with the mean FWHM being 5 pixels. The sky conditions were good. Due to a software problem, there is a gap of a few minutes in the first half of the lightcurve. There was a meridian flip at HJD 2455830.870. The resulting lightcurve has 244 measurements.
Spectral Analysis
The individual CORALIE spectra of WASP-78 and WASP-79 were co-added to produce spectra with average S/N of around 50:1 and 90:1, respectively. The standard pipeline reduction products were used in the analysis. The analysis was performed using the methods given in Gillon et al. (2009) . The km s −1 and H β lines were used to determine the effective temperature (T eff ). The surface gravity (log g) was determined from the Ca i lines at 6162Å and 6439Å (Bruntt et al. 2010a ), along with the Na i D lines. The Na D lines are affected by weak interstellar absorption. For WASP-78 this is around 40mÅ, while for WASP-79 it is only around 10mÅ. However, in both cases it is possible to fit the blue wings which are unaffected by the interstellar lines. The elemental abundances were determined from equivalent width measurements of several clean and unblended lines. A value for microturbulence (ξ t ) was determined from Fe i using the method of Magain (1984) . The ionization balance between Fe i and Fe ii and the null-dependence of abundance on excitation potential were used as an additional the T eff and log g diagnostics (Smalley 2005) . The parameters obtained from the analysis are listed in Table 2 . The quoted error estimates include that given by the uncertainties in T eff , log g and ξ t , as well as the scatter due to measurement and atomic data uncertainties. Also given are estimated masses and radii using the Torres et al. (2010) calibration. These values, however, are not using in determining the planetary parameters, since T eff and [Fe/H] are the only stellar input parameters (see Sect. 6).
WASP-78
There is no significant detection of lithium in the spectrum, with an equivalent width upper limit of 4mÅ, corresponding to an abundance of log A(Li) < 0.71 ± 0.12. This implies an age of at least several Gyr (Sestito & Randich 2005) . A rotation rate of P = 10.5 ± 2.4 d is implied by the v sin i ⋆ . This gives a gyrochronological age of ∼ 1.37
−0.78 Gyr using the Barnes (2007) relation.
WASP-79
There is lithium in the spectra, with an equivalent width of 8±1 mÅ, corresponding to an abundance of log A(Li) = 1.94 ± 0.07. The lithium abundance of WASP-79 is an ineffective age constraint because of the high effective temperature of this star. In addition, the star is close to the lithium gap where depletion occurs in the 0.6 Gyr-old Hyades (Boesgaard & Tripicco 1986; Böhm-Vitense 2004) . A rotation rate of P = 4.0 ± 0.8 d is implied by the v sin i ⋆ . This gives a gyrochronological age of at least ∼ 0.5 Gyr using the Barnes (2007) relation. However, gyrochronology does not provide a reliable age constraint for such a hot star.
Planetary system parameters
To determine the planetary and orbital parameters, a simultaneous fit the CORALIE radial velocity measurements and both the WASP and TRAPPIST photometry was performed, using the Markov Chain Monte Carlo (MCMC) technique. The details of this process are described in Collier Cameron et al. (2007) and Pollacco et al. (2008) . Four sets of solutions were used: with and without the main-sequence mass-radius constraint (which imposes a Gaussian prior on the stellar radius using a mass-radius relation R ⋆ = M 0.8 ⋆ with σ R = 0.1R.) for both circular and floating eccentricity orbits. Limb-darkening uses the four-coefficient model of Claret (2000) and vary with any change in T eff during the MCMC fitting process. For WASP data and TRAPPIST with blue-blocking filter the R-band is used. The final values of the limb-darkening coefficients are noted in Tables 3 and 4 . . Mass and radius are estimated using the Torres et al. (2010) calibration. The spectral types are estimated from T eff using Table B .1 in Gray (2008) .
A value of the stellar mass determined as part of the MCMC process, uses the empirical calibration of Southworth (2009) in which mass is estimated as a function of T eff , [Fe/H] and stellar density (ρ ⋆ ). The uncertainty in the derived stellar mass is dominated by the uncertainties in the spectroscopic values of T eff and [Fe/H]. At each step in the Markov chain, these quantities are given random gaussian perturbations, and controlled by priors assuming gaussian random errors in the spectroscopic values. The stellar density is derived at each step in the chain from the scaled stellar radius R ⋆ /a and the impact parameter (b). The uncertainty in the stellar mass is computed directly from the posterior probability distribution, and takes the uncertainties in T eff , [Fe/H] and ρ ⋆ fully into account. The posterior probability distribution for the stellar radius follows from the mass and density values at each step in the chain.
WASP-78b
The spectroscopic analysis suggests that WASP-78 might be slightly evolved. In addition, we have three TRAPPIST lightcurves, which allows for the main-sequence constraint to be removed (Fig. 3) . The rms of the fits to the TRAPPIST lightcurves is 2.33 mmag., which is no better than that obtained with the main-sequence constraint applied. However, the mainsequence constraint forces the fitting process to a higher stellar mass (2.0 M ⊙ ), higher T eff (6640 K) and low impact parameter (0.06), whilst still finding a large stellar radius (2.3 R ⊙ ) and, hence, planetary radius (1.75 R Jup ). Such a high values stellar mass and T eff are inconsistent with the spectroscopic analysis of the host star. Furthermore, fixing T eff and [Fe/H] to their spectroscopic values yields a slightly worse main-sequence-constrained fit to the photometry.
With the eccentricity floating, a value of e = 0.078
−0.049 is found. This fit has a χ 2 = 6.04, compared to χ 2 = 7.92 for a circular orbit. Using the Lucy & Sweeney (1971, Eq. 27 ) Ftest shows that there is a 17.2% probability that the improve- Centre-of-mass velocity at time T 0 , γ 0.4564 ± 0.0020 km s 2.20 ± 0.12 R ⊙ Stellar surface gravity, log g ⋆ 3.88 ± 0.04 Planet mass, M P 0.89 ± 0.08 M Jup Planet radius, R P 1.70 ± 0.11 R Jup Planet surface gravity, log g P 2.84 ± 0.06 Planet density, ρ P 0.18 ± 0.04 ρ Jup Planet equilibrium temperature, T P 2350 ± 80 K Notes. The planet equilibrium temperature, T P , assumes a Bond albedo of A = 0 and even redistribution of heat around the planet. Limbdarkening coefficients were a1 = 0.388, a2 = 0.609, a3 = -0.395 and a4 = 0.075 ment could have arisen by chance. This is too high to confidently claim detection of eccentricity. Thus, we present the system parameters for the circular-orbit solutions (Table 3) , but note that the 3-σ upper limit on eccentricity is 0.24. Anderson et al. (2012) presented a discussion on the justification of adoption of circular orbit in these cases. Further RV measurements, or occultation photometry, are required to constrain the possible eccentricity of the system.
WASP-79b
With the eccentricity floating, a value of e = 0.035
−0.024 is found with a χ 2 = 20.9, which is not significantly lower than χ 2 = 21.0 for a circular orbit. Hence, there is no evidence for any orbital eccentricity in the current RV data. Hence, we adopt a circular orbit for WASP-79b.
There is only a single partial TRAPPIST light curve and there are insufficient points before ingress to reliably determine the out-of-transit level (Fig. 4) . The non-main-sequence constrained solution gives an rms of 1.62 mmag. for the TRAPPIST photometry alone, compared to a slightly larger value of 1.69 mmag. for that with the main-sequence constraint applied. In addition, the main-sequence constraint has forced the fitting to a slightly higher T eff (6660 K) and [Fe/H] (+0.24) than found from the spectroscopy. Fixing T eff and [Fe/H] to their spectroscopic values produces a slightly worse fit. The WASP photometry shows the depth is well determined, but is unable help in constraining the shape and duration of the ingress and egress. Thus, we present both the main-sequence and non-main-sequence constrained circular orbit solutions in Table 4 and discuss them further in Sect. 7. 
Discussion
WASP-78b and WASP-79b are two Jupiter-mass exoplanets transiting the F-type host stars. They occupy the region in parameter space of large radius, low density, exoplanets. The high planetary equilibrium temperature (T P = 2350 ± 80 K) for WASP-78b, makes this one of the hottest exoplanets currently known (Fig. 5) , exceeded only by WASP-33b (Collier Cameron et al. 2010), WASP-12b ) and WASP-18b (Hellier et al. 2009 ). The mass, radius and density of WASP-78b, are similar to those of HAT-P-32b (Hartman et al. 2011 , their circular orbit solution), OGLE-TR-10b (Konacki et al. 2005) and TrES-4b (Chan et al. 2011) . Although, similar in radius, WASP-12b is a much denser, more massive planet ). The large planetary radius of WASP-79b could even exceed that of WASP-17b (Anderson et al. 2010 (Anderson et al. , 2011 . However, due to its higher mass, WASP-79b's density is somewhat higher. The main-sequence constrained solution for WASP-79b is, on the other hand, somewhat similar to circular orbit parameters for HAT-P-33b (Hartman et al. 2011) . The planetary radius and equilibrium temperature are dependant on the inferred stellar radius. Referring back to the spectral analysis results (Table 2 ) and using the stellar radii obtained from the Torres et al. (2010) relationships, yields planetary radii of R P = 1.32 ± 0.28 R Jup and 1.59 ± 0.33 R Jup for WASP-78b and WASP-79b, respectively. Both are smaller than those obtained from the transit lightcurves, especially WASP-78b which is slightly over 1-σ away from that obtained from the transit analysis. The equilibrium temperatures for both planets would fall to 2000 ± 250 K and 1700 ± 170 K, respectively. Of course, these results are dependent on the rather imprecise spectroscopic log g values, where a relatively small change can have a dramatic effect on the inferred stellar radius. T eff (K) W78 W79 Fig. 6 . Difference between spectroscopic log g determined from CORALIE spectra for WASP hosts stars and that obtained from transit photometry, as a function of stellar effective temperature (T eff ). Table 4 . System parameters for WASP-79b. Two solutions are presented: column 2 gives that using the main-sequence constraint, while column 3 give that without this constraint.
Parameter
Value ( The surface gravities implied by the transit fits for both WASP-78 and WASP-79 are lower than those found from the spectroscopic analyses. Spectroscopic log g determinations have a typical uncertainty of 0.2 dex (Smalley 2005) and are less precise than those determined from planetary transit modelling. In order to evaluate whether there are any systematic differences, we have compared the spectroscopic log g values obtained in previous CORALIE analyses of WASP planet-host stars with the values determined using transit photometry (Fig. 6 ). There is a large scatter in the differences, due to uncertainties in the spectroscopic values, but there does not appear to be any significant systematic difference. There is a hint that the difference may increase for the hottest stars, which could be due to systematic N-LTE effects in the spectroscopic values. In fact, Bruntt et al. (2012) found a similar result from their spectroscopic analyses of stars with asteroseismic log g values obtained using Kepler.
The relatively large difference in log g from spectroscopy and transit photometry for WASP-78 is probably due to the low S/N of the CORALIE spectrum, where the effects of scattered light and uncertainties in continuum location can result in slight systematics. The T eff values obtained from CORALIE spectra have been found to be in agreement with those from the infrared flux method (Maxted et al. 2011) , suggesting that a change of more than 100 K is unlikely. However, Doyle et al. (2012) found that [Fe/H] obtained using CORALIE spectra is, on average, 0.08 ± 0.05 dex lower than found using higher S/N HARPS spectra. Hence, a modest decrease in T eff and/or increase in [Fe/H] could reduce, or even eliminate, the log g discrepancy. A high S/N spectrum is required to improve the precision of the spectroscopic parameters. In the case of WASP-79, the spectroscopic log g value could be too high by of the order 0.1 dex due to N-LTE effects. A value of log g = 4.1 ± 0.15, would give a stellar radius of 1.76 ± 0.37, and a planetary radius of 1.83 ± 0.39 R Jup for WASP-79b. This is now close to the non-main sequence constrained log g of 4.06±0.03, suggesting that the system parameters are closer to this solution. However, given that the photometry cannot constrain the transit shape, the planetary radius may not be as extreme as 2.09 ± 0.14 R Jup . Thus, we conclude that the planetary radius is at least 1.70 ± 0.11 R Jup , but possibly somewhat larger. Further transit photometry is required to confirm the planetary parameters.
The empirical relationship for Jupiter-mass exoplanets of Enoch et al. (2012, Eq. 9) , predicts planetary radii of 1.78 and 1.56 (1.66 for non-main-sequence solution) for WASP-78b and WASP-79b, respectively. These are in good agreement with that found for WASP-78b, but somewhat smaller than found for WASP-79b (in either of the two cases presented). Enoch et al. (2012) noted that their relationship also significantly underestimated the radius of HAT-P-32b, suggesting that tidal heating could explain the extra inflation, over and above that from stellar irradiation. However, Enoch et al. (2012) used the eccentric solution from Hartman et al. (2011) which Anderson et al. (2012) concluded this is likely to be incorrect and the circular solution should be adopted. This makes HAT-P-32b slightly less bloated, but still larger than given by the empirical relationship. The radial velocities presented here do not preclude the presence of modest eccentricity in either or both of the WASP-78 and WASP-79 systems. Further observations of these two systems are required to fully constrain their properties.
